1 no previous studies have established sex-specific chest CT measurement thresholds for detection of cardiac chamber enlargement. The purpose of this study is to establish sex-specific axial chest CT measurement thresholds to identify cardiac chamber enlargement with cardiac MRI as the reference standard. We hypothesized that cardiac chamber enlargement can be identified with high specificity on axial chest CT images.
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referral center were identified retrospectively (n = 287). For subjects who had undergone more than one set of studies, only the pair of imaging studies with the shortest interval between CT and MRI was included. Exclusion criteria were complex congenital heart disease other than repaired tetralogy of Fallot (n = 12), incomplete short-axis or fourchamber cine steady-state free precession (SSFP) imaging (n = 57), and severe arrhythmia precluding accurate MRI assessment (n = 1). A total of 217 patients (115 men [mean age, 53.7 ± 15.1 (SD) years]; 102 women [mean age, 51.8 ± 16.5 years]; mean age, 52.8 ± 15.8 years) were included in the final analysis (Fig. 1) . Age, sex, and body surface area (BSA) were recorded.
CT Acquisition
Chest CT studies were performed with 64-MDCT (n = 170) or 320-MDCT (n = 47) scanners (Aquilion 64, Aquilion, and Aquilion ONE, Toshiba Medical Systems) after IV administration of iodinated contrast medium (40-120 mL iopromide [Ultravist, Bayer Schering Pharma] or iodixanol [Visipaque, GE Healthcare]). Studies were performed over a 10-year period with different acquisition parameters and protocols depending on the clinical indication. All images were acquired without ECG gating during a single breath-hold with 0.5-to 5-mm reconstructed slice thickness at 80-to 135-kVp. The scan delay after contrast administration was optimized depending on the clinical indication.
CT Analysis
CT studies were analyzed offline by a fellowship-trained observer (2 years of cardiovascular imaging experience) blinded to all identifying information and cardiac MRI results. Images were evaluated for adequacy of contrast opacification of cardiac chambers, depending on whether the blood pool myocardial boundary could be clearly delineated (scored as adequate or inadequate for right and left heart chambers separately). Right atrial (RA) and right ventricular (RV) measurements were performed only on studies with adequate right-heart contrast (n = 212 [98%]). Left atrial (LA) and left ventricular (LV) measurements were performed only on studies with adequate left-heart contrast (n = 205 [94%]). CT images were evaluated for cardiac motion, scored as none (n = 120), mild (n = 83, some motion artifact but at least one image of each cardiac chamber with no artifact), and severe (n = 14, motion artifact affecting all images of at least one cardiac chamber). All CT measurements were performed on nonreformatted axial images. For evaluation of RA enlargement (RAE), the CT measurements evaluated were RA transverse and longitudinal diameters [8] . RA transverse diameter was measured as the largest diameter perpendicular to the interatrial septum and parallel to the tricuspid valve plane, excluding the RA appendage and coronary sinus ( Fig. 2A) . RA longitudinal diameter was measured parallel to the interatrial septum and perpendicular to the tricuspid valve plane (Fig. 2B) .
For evaluation of RV enlargement (RVE), the maximum RV transverse diameter based on visual evaluation was measured perpendicular to the interventricular septum and parallel to the tricuspid valve plane, from RV septal to RV lateral wall endocardial blood pool border [8, 9] (Fig. 2C) .
For evaluation of LA enlargement (LAE), CT measurements evaluated were LA anteroposterior and transverse diameters [7, 10] . LA anteroposterior diameter was measured as the maximum LA anteroposterior diameter in the sagittal plane, excluding the pulmonary veins and the LA appendage (Fig. 2D) . LA transverse diameter was measured perpendicular to the anteroposterior plane, excluding the pulmonary veins and LA appendage (Fig. 2E) .
For evaluation of LV enlargement (LVE), the maximum LV transverse diameter based on visual evaluation was measured perpendicular to the LV long-axis and interventricular septum, from LV septal to LV lateral endocardial blood pool border [4] [5] [6] (Fig. 2F ).
On studies with severe motion artifact, measurements were taken on the slice with the least artifact, excluding any blurring from the measurement (Fig. 3) . CT measurements were evaluated as absolute values and were also indexed to BSA.
To assess intraobserver agreement, a random subset of 40 studies were reanalyzed by the same reader after a minimum 4-week interval after the first analysis. The reader was again blinded to the results of the initial assessment and all identifying data. To assess interobserver agreement, the same subset of studies was analyzed by a second experienced reader (14 years of cardiovascular imaging experience) blinded to all identifying information.
Cardiac MRI Acquisition
Cardiac MRI studies were performed with a 1.5-T (Magnetom Avanto, Siemens Healthcare) or 3-T (Magnetom Skyra, Siemens Healthcare) system with commercially available cardiac surface coils. Ventricular size was assessed on a short-axis stack of cine SSFP images. Atrial size was assessed on four-chamber cine SSFP images. Typical imaging parameters for retrospectively gated cine SSFP sequences were slice thickness, 6-8 mm; gap, 0-2 mm; in-plane resolution, 1.4-2.0 mm; temporal resolution, 30-40 ms.
Cardiac MRI Analysis
After a minimum 4-week interval after CT analysis, cardiac MRI analysis was performed by a single fellowship-trained reader blinded to all identifying information. Postprocessing was performed offline with commercially available software (QMASS Medis Suite version 3.0.18.6, Medis Medical Imaging Systems) in accordance with Society for Cardiovascular Magnetic Resonance task force recommendations [11] . LV and RV endocardial borders were contoured for assessment of end-diastolic volume (EDV). Maximum LA and RA cross-sectional areas were assessed on four-chamber cine SSFP images at ventricular end-systole.
Diagnoses of RAE, RVE, LAE, and LVE were based on cardiac MRI sex-specific thresholds. RAE was based on a maximum RA area ≥ 30 mm 2 for both men and women [12] . RVE was based on RV end-diastolic volume indexed to BSA ≥ 128 mL/m 2 for men and ≥ 110 mL/m 2 for women [13] . LAE was based on a maximum LA area ≥ 29 mm 2 for men and ≥ 27 mm 2 for women [12] . LVE was based on LV end-diastolic volume indexed to BSA ≥ 117 mL/ m 2 for men and ≥ 101 mL/m 2 for women [13] .
Statistical Analysis
Statistical analysis was performed with Stata software (version 14.1, StataCorp). Two-tailed p < 0.05 was considered statistically significant. The required sample size was based on an expected prevalence of chamber enlargement of 20% in the study population. A sample size of 88 (for each sex) was required for a point estimate of 90% specificity to achieve margins of error of 7% for specificity with 95% confidence [14] . Continuous data were tested for normal distribution by ShapiroWilk test. Continuous variables are described with mean and SD and categoric variables with number and percentage. ROC curves were generated to estimate the discriminating ability of each CT measurement. Optimal sex-specific CT measurement thresholds for chamber enlargement were identified by ensuring that specificity was ≥ 90% and then maximizing sensitivity. High specificity was prioritized so that patients would be referred for additional evaluation only when there was high likelihood of underlying pathologic changes [4] . ROC AUCs for RAE and LAE CT measurements and absolute and BSA-indexed CT measurements were compared [15] . The diagnostic performance evaluation of CT measurements with recommended thresholds in comparison with cardiac MRI findings included sensitivity, specificity, and accuracy. Intraobserver and interobserver agreements were assessed by individual intraclass correlation coefficient with one-way random-effects models for intraobserver agreement and two-way randomeffects models for interobserver agreement.
Results
Demographic information is summarized in Table 1 Tables 2 and 3 . Good to excellent intraobserver and interobserver reliability was found for all recommended CT measurements (Table 4) .
Body Surface Area-Indexed Measurements
Other than LA anteroposterior diameter, there was no significant difference in AUCs for BSA-indexed CT measurements compared with absolute CT measurements for both men and women (p > 0.05 for all). For LA anteroposterior diameter, absolute CT measurements had higher AUCs than did BSA-indexed CT measurements for both men (0.795 vs 0.734, p = 0.041) and women (0.841 vs 0.749, p = 0.014). Therefore, absolute CT measurements are recommended for assessment of cardiac chamber enlargement.
Right Atrial Enlargement
In men, the AUCs for discriminating RAE were not significantly different between RA transverse diameter (AUC, 
Left Atrial Enlargement
In men, the AUC for discriminating LAE was not significantly different between LA anteroposterior diameter (AUC, 0.795) and LA transverse diameter (AUC, 0.774) (p = 0.606). Similarly, in women, the AUC for discriminating LAE was not significantly different between LA anteroposterior diameter (AUC, 0.841) and LA transverse diameter (AUC, 0.759) (p = 0.167). LA anteroposterior diameter is recommended for evaluation of LAE given slightly higher AUC values and better interobserver agreement. For men, an LA anteroposterior diameter threshold ≥ 50 mm depicted LAE with 92.2% specificity (59/64), 46.5% sensitivity (20/43), and 73.8% accuracy (79/107). For women, an LA anteroposterior diameter threshold ≥ 45 mm depicted LAE with 95.8% specificity (69/72), 53.8% sensitivity (14/26), and 84.7% accuracy (83/98). 
Discussion
The results of this study show that cardiac chamber enlargement can be identified with high specificity and reasonable sensitivity at nongated chest CT by use of simple 
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diameter measurements made on nonreformatted axial images. A few previous studies have evaluated ECG-gated cardiac CT for evaluation of cardiac chamber size [9, 16] . In clinical practice, however, nongated chest CT is performed with much higher frequency. Only a few previous studies have evaluated measurements made at nongated chest CT for the detection of chamber enlargement in comparison with echocardiography [4, 5, 7] and cardiac MRI [6] .
The strengths of the current study include a fairly large sample of men and women, sexspecific analysis, and comparison with cardiac MRI as the reference standard. We evaluated sex-specific measurement thresholds given that absolute cardiac chamber sizes are larger in men than in women [1, 12, 13] . In all cases, optimal measurement thresholds identified in this study were larger for men than for women. Use of a single measurement threshold in both men and women would result in lower sensitivity in women and lower specificity in men. BSA-adjusted measurements are commonly used in cardiac imaging as an index of patient size. However, indexing CT measurements to BSA did not improve the AUC for detection of cardiac chamber enlargement in this study, and therefore, it is not necessary.
Measurement thresholds were selected to ensure high specificity (≥ 90%) and then maximum sensitivity. Specificity was prioritized to minimize the number of false-positive results. Tests with high specificity are helpful to rule in disease with a high degree of confidence. Therefore, if a measurement is above the proposed threshold, disease will be present a high proportion of the time, potentially warranting further diagnostic evaluation. Minimizing false-positive findings is important given patient anxiety associated with the discovery of incidental findings and the associated cost of downstream testing [17, 18] . Measurement thresholds identified in this study have reasonable sensitivity to help rule out underlying cardiac disease when a measurement is below the recommended threshold. Given that chamber enlargement is not a life-threatening condition, these modest sensitivities are not unreasonable.
The prevalence of cardiac chamber enlargement in our study (15-34%) is higher than expected in the general population of patients undergoing chest CT. This relates to the study inclusion criteria, because only patients who had undergone both CT and cardiac MRI within a 7-day interval were included; therefore, a higher prevalence of cardiac disease is expected. In general, the CT measurement thresholds identified in this study are slightly higher than in previous reports. This likely relates to our intentional selection of thresholds with high specificity and the fact that the reference standard was cardiac MRI rather than echocardiography. Cardiac MRI is considered the reference standard for cardiac chamber quantification; however, absolute chamber measurements are often slightly greater than those acquired with echocardiography [2, 19] .
The recommended RA transverse diameter thresholds for detection of RAE in this study are higher than the previously reported value of 35 mm in patients with pulmonary hypertension [20] . This difference likely relates to the older single-detector CT technology used in the previous study and use of pulmonary angiography rather than cardiac MRI as the diagnostic standard. Measurement thresholds identified in our study are similar to the upper limits of normal for RA transverse diameters reported in healthy volunteers based on cardiac MRI results [21] .
A few previous studies have evaluated cardiothoracic ratio and RV-to-LV ratio for detection of RVE [8] . However, these ratios are relative and have reduced sensitivity for detection of RVE in the presence of LVE. Recommended RV transverse diameter thresholds for detection of RVE in our study are higher than the threshold used in echocardiography (41 mm in the transverse plane measured at the RV base in an apical fourchamber view), which may relate to the fact that echocardiographic evaluation of the RV is often challenging because of its complex geometry and limited views [1] .
A previous study of LA measurements on nongated CT of patients with atrial fibrillation [7] showed that an LA anteroposterior diameter of 43 mm was associated with LAE with sensitivity of 85% and specificity of 61% in comparison with CT volumetric measurements. The authors of a study of LA anteroposterior diameter on CT [4] recommended an axial threshold of 45 mm, which had 94% specificity and 53% sensitivity for LAE. Unlike those investigators, we did not restrict LA anteroposterior measurement to the level of the aortic root. We measured the maximum LA anteroposterior diameter at any location based on visual evaluation.
LV transverse diameter has been previously investigated for the identification of LVE [4] [5] [6] . In two previous studies in which echocardiography was used as the reference standard [4, 5] , the investigators recommended LV transverse diameter thresholds of 55-56 mm for detection of LVE, which are similar to the threshold values identified in our study. A smaller study of LV transverse diameter on CT in a population of patients with cardiomyopathy and MRI as the reference standard [6] showed that an LV transverse diameter threshold of 47 mm had specificity of 100% and sensitivity of 47% for the diagnosis of dilated cardiomyopathy. In contrast to these studies in which LV transverse diameter was measured at the midventricular level, in our study the largest transverse diameter was measured at any level to maximize sensitivity.
Our study had several limitations. It was conducted at a single large cardiac center located in a tertiary referral hospital. CT images were acquired with 64-or 320-MDCT scanners, and therefore, CT measurement thresholds might not apply to imaging performed with older scanners, in which motion artifact is more common. The diagnostic performance values of the measurement thresholds identified in this study are optimistic because they were computed with the same data that generated the model. The diagnostic performance of CT measurement thresholds identified in this study could be confirmed in a separate study using an external dataset.
Conclusion
Cardiac chamber enlargement can be identified with high specificity and reasonable sensitivity on axial chest CT images by use of sex-specific measurement thresholds.
